Abstract-For the first time, a micromachined near-field probe has been developed, based on picosecond photoconductive sampling using low-temperature-grown GaAs (LT-GaAs). By changing the direction of the probe, it is capable of scanning/mapping independent orthogonal components of free-space electric fields. The micromachined 1-m-thick LT-GaAs epilayer substrate of the probe provides a minimal loading effect for measuring picosecond electric fields. The use of optical fibers, for guiding laser pulses to the photoconductive switch on the probe and for electrical connections, enables the probe to be positioned freely with uniform sensitivity. We have demonstrated by finite-difference time-domain simulation that the measurement process of the developed probe is dominated by the switching action of the carriers generated in the photoconductive switch of the probe. Using the probe, propagating picosecond pulse waveforms and field distribution images on coplanar transmission lines were successfully obtained. The probe measurement provides a useful understanding, which cannot be obtained from conventional external-port access test instruments, of electromagnetic phenomena related to wave propagation.
immunity owing to the inherent shielding effect of the ground planes. A CPS consisting of two conductors supports only one dominant guiding mode, and allows for a very high integration density owing to the small metal area. Efficient use of the transmission lines as guiding structures of high-frequency circuits requires an understanding not only of the high-frequency characteristics, such as attenuation and dispersion, but also of the transient phenomena.
The mapping of the electromagnetic fields above a high-frequency circuit is of great importance, not only in investigating the in-circuit high-frequency transient phenomena but also in detecting interactions, both desirable and undesirable, of a circuit with its surroundings. However, conventional test instruments, such as a network analyzer, a spectrum analyzer, and a time-domain reflectometry/transmission (TDR/TDT), can provide information available at external ports. Furthermore, these conventional instruments have a limited measurement bandwidth.
In recent years, newly developed ultrafast optical sampling technologies, such as photoconductive sampling [2] , and electrooptic sampling [3] based on short-pulse laser beams, have opened a new era for internal circuit testing and transient phenomena measurement. The photoconductive (PC) sampling technique was introduced as a practical picosecond pulse measurement method, based on the ultrafast switching properties of a PC switch [metal-semiconductor-metal (MSM) photodetector] fabricated on photoconductors with subpicosecond carrier lifetimes, such as low-temperature-grown GaAs (LT-GaAs) [4] and implant-damaged silicon-on-sapphire substrate [5] . The PC sampling technique has several advantages for applications in the millimeter-wave frequency region. It has a measurement bandwidth extending to several hundreds of gigahertz and has a very high signal-to-noise ratio in room-temperature measurements. Nevertheless, the PC sampling technique has been used for voltage measurement, draining charges directly from a device under test (DUT) in a conductive-contact embodiment [6] , [7] , invoking unavoidable large loading effects. To reduce the charges drained by the contact PC sampling probe, integrated external electric circuits such as a source follower/amplifiers have been used successfully [8] , [9] . Still, the PC contact probes still suffer from a loading effect due to the metal strip of the probe tip and probe line acting as a T-connected high-frequency electrical stub [10] . Although the scanning force/tunneling microscope (SFM/STM) technique has been combined with a PC switch for voltage distribution mapping with picosecond temporal resolution [11] . Repositioning of the contact probe still requires precise control of mechanical positioning and movement, especially in circuits with many irregularities.
On the other hand, the electrooptic (EO) sampling technique, which is operated by coupling fringing fields into EO crystals, has a much larger measurement bandwidth, extending to a few tens of terahertz. When EO crystals are manufactured as an external probe [12] [13] [14] , they can measure electric-field components and can be applied to field mapping combined with a computer-controlled translation stage. However, EO probes suffer from having to compromise between their sensitivity and their invasiveness. A higher sensitivity requires thicker EO material. Thick EO material with a relatively high dielectric constant (43 for LiTaO3, 50 for BSO, and 13 for GaAs) increases the invasiveness of the probe. The effect of EO crystals with high dielectric constant on invasiveness was shown in [14] .
In this paper, we introduce a new miniature PC probe, which is demonstrated to be quite useful for picosecond transient measurements and ultrafast near-field mapping. Compared to the previous PC sampling and EO sampling, it does not require any electrical contact, and has a minimal loading effect on the DUT. The developed probe is capable of scanning/mapping independent orthogonal components of free-space electric fields by simply changing the direction of the probe. The probe was fabricated on a 1-m-thick LT-GaAs epilayer using a micromachining process, the epitaxial liftoff (ELO) technique [15] , so that the invasiveness of the probe is negligible. Moreover, fiber-guided laser pulses illuminate the PC switch of the probe, so that the probe can freely access any measuring position with uniform sensitivity. To demonstrate the performance of the proposed probe, finite-difference time-domain (FDTD) simulation was performed, and the propagating picosecond electric field waveforms were measured and mapped over coplanar transmission-line structures showing the propagating pulse phenomena. Fig. 1(a) shows a schematic drawing of the devised photoconductive near-field probe (PCNFP). The probe's dimensions are 420 500 m . It consists of a photoconductive (MSM dipole) switch on a 1-m-thick LT-GaAs epilayer with three optical fibers attached.
II. PHOTOCONDUCTIVE NEAR-FIELD PROBE
The probe was operated using the PC sampling technique, i.e., the PC switch was activated by optical pulses from a laser system. The free carriers (electron-hole pairs) generated in the LT-GaAs area of the PC switch by the laser pulse are swept by the instantaneous electric-field component at the measurement position. The movement of the free carriers is determined by the magnitude and the direction of the measuring instantaneous electric field component, detecting the measuring time-varying electric field component at the measurement point.
The 1-m-thick LT-GaAs epilayer substrate, prepared using a micromachining process of the ELO technique, was used to minimize the invasiveness of the probe to DUT and to remove the effect of the substrate on the probe. The LT-GaAs epilayer was grown by molecular beam epitaxy at 200 C and annealed at 600 C for 10 min for subpicosecond switching time [4] . The probe had a 3-m-wide PC gap that determined its spatial resolution. The PC switch was defined by the image reversal photolithography, the metal evaporation, and the acetone liftoff process. The electrodes consisted of 40-nm/210-nm Cr/Au that could withstand the HF solution involved in the ELO process. The shape of the probe was then defined by etching the LT-GaAs epilayer using an ammonium hydroxide acid. The ELO process lifts off the LT-GaAs epilayer from the SI-GaAs substrate by preferentially etching a sandwiched AlAs layer with diluted hydrofluoric acid solution (HF : H O : ). In this operation, the sample was simply dipped into a diluted HF solution without any supporting material such as black wax, as a little edge flood of wax makes the etching slow, and the stress caused during the removal of wax can crack the thin, brittle LT-GaAs epilayer. Once the detached LT-GaAs epilayer was exposed to air after a few hours etching, the thin LT-GaAs epilayer was floated onto deionized water.
The fabricated probes were then preserved in isopropyl alcohol. When needed, the probe was mounted onto an assembly of optical fibers using optical ultraviolet cement. One fiber was used as an optical pulse guide to the PC switch of the probe, and the remaining two fibers were coated with silver paint and used for physical support and for electrical connections between the two electrodes of the probe and external apparatus. The centered optical fiber for optical illumination had a 45 polished bevel edge. This allowed the guided laser pulses to be internally reflected off the polished surface toward the backside of the probe and into the switch area. This structure allowed the probe to be very small and removed the need for realignment of the PC gate illumination when the probe position was changed. Finally, conductive epoxy was applied and cured to create an adhesive connection between the probe electrodes and the two silver-paint-coated optical fibers. Fig. 1(b) shows a scanning electron microscope (SEM) picture of the fabricated probe taken before the application of the conductive epoxy.
III. PROBE PERFORMANCE

A. Operational FDTD Simulation
The operation of the developed probe was simulated using an FDTD technique with the structure shown in Fig. 2 (a) [16] . The probe was modeled as two parallel metal strips, with a PC gap at the end of the strips formed on a 1-m-thick LT-GaAs substrate. The illumination of a laser pulse to the switch gap was modeled as a time-varying conductivity change with a 700-fs Gaussian pulse shape. This becomes the sampling function in the PC sampling scheme. The incident wave was assumed to be an -polarized Gaussian electromagnetic pulse train with a 1-ps pulse duration [ in picoseconds]. The incident pulse shape is shown in the right inset of Fig. 2(a) . The waveform in Fig. 2(b) shows a negative derivative form of incident pulse, meaning that the incident wave is weakly capacitance-coupled to the probe structure as a dipole antenna. On the other hand, the waveform in Fig. 2(c) , simulated by the PC sampling operation of the probe, shows the same Gaussian shape as the incident pulse. The simulation was performed based on pump-probe delay and lock-in amplifier detection, where the PC sampling was modeled as charge collection by the lock-in amplifier using a chopper modulation frequency. This simulation result demonstrates that the PC probe can efficiently detect the original shape of the incident electromagnetic waveform with picosecond temporal resolution. It also confirms that the measurement operation by the PC sampling probe is dominated by the switching action of the carriers generated in the PC switch area of the probe. The slight pulse broadening shown in Fig. 2(c) originates from the correlation detection between the incident field waveform and the sampling function of the PC probe. When the PC switch direction was changed to having its -or -axis, no signal was detected. This means that the PC probe detects only the electric-field component of the PC switch direction.
B. Invasiveness
To investigate how invasive the probe was in the DUT, two PCNFPs were used, as shown in the schematic diagram, the slot of a CPS. The CPS consisted of two 30-m-wide by 10-mm-long metal strips, with a 15-m-wide interline spacing. The metal strip was composed of 50-nm-thick Ti and 200-nm-thick Au prepared by semiconductor microfabrication processes on a 625-m-thick LT-GaAs substrate. The pump and probe optical pulses for the measurement were supplied from a passive mode-locked Ti : sapphire laser with a 120-fs pulse duration and an 80-MHz repetition rate operating at a wavelength of 840 nm. Focusing one of the laser beams (the pump beam) onto the slot of the 2-V DC-biased CPS generated picosecond electrical pulses. The distance between the electric-pulse generation position and PCNFP 1 was 1 mm, and PCNFP 2 was inserted between them to test the invasiveness of the probe.
The two waveforms in Fig. 3(b) are the transverse electric-field waveforms measured over the slot of the CPS using PCNFP 1. The negligible difference between the solid waveform (without PCNFP 2) and the dotted waveform (with PCNFP 2) indicates that the PCNFP had negligible loading effect (invasiveness) on the propagating signals and on the DUT. The upper right inset of Fig. 3(b) shows the difference between the two waveforms.
C. Other Factors
The sensitivity of the developed PCNFP depended on the electron-hole pairs generated in the PC switch area. Therefore, Fig. 4 . Schematic setup for the picosecond electric field component measurement and mapping using the developed PCNFP in pump-probe mode. The pump beam is used for electrical pulse generation and probe beam, time delayed relative to the pump pulses via a translation stage, for signal sampling.
the laser power used and the quantum efficiency of the LT-GaAs epilayer were critical factors in determining the sensitivity. To check the sensitivity and the minimum detectable signal of the probe, a commercial photodetector activated by pump laser pulses was connected to a microstrip line on a PCB (FR4) substrate [17] . Probe pulses with average power of 3 mW were injected into the 30-cm-long optical fiber used to activate the PC switch of the PCNFP. For an actual signal of 150 mV on the microstrip line, the PCNFP measured the transverse electric field component at a height of 100 m from the microstrip using a 2-kHz modulation frequency. The amplitude of the signal measured by a lock-in amplifier was 8 mV. The root-mean-square voltage noise of the measurement was about 100 nV/Hz , calculated from the baseline of the measured waveform. After normalizing to the actual signal amplitude, the minimum detectable voltage is estimated to be less than 2 V/Hz , the same level with the contact PC sampling [6] , [9] . This sensitivity will be enhanced using a time-averaging by multiple scan and an integrated external circuit [8] , [9] .
As the measurement action of the PCNFP is determined by the activity of carrier generation in the PC switch region of the probe, the theoretical spatial resolution is the width of the PC switch gap. The developed PCNFP has a 3-m PC switch gap.
Data acquisition at each measurement point was performed using the Labview software package, and it took about 20 s to obtain each waveform, which consisted of 1000 sampled data points. Therefore, it took about 6 h to obtain a time-varying twodimensional (2-D) spatial field-distribution image that consisted of 50 20 measurement positions.
IV. MEASUREMENT RESULTS
A. Measurement Setup
To demonstrate the performance of the PCNFP, including picosecond temporal resolution, discrimination of electric field direction, and near-field mapping, time-resolved near-field images on coplanar transmission lines were measured using the experimental setup shown in Fig. 4 an intermediate frequency (2 kHz), was used to generate an electric pulse by focusing it onto a dc-biased PC switch of DUT. The probe laser pulses, delayed relative to the pump pulse via an optical delay-line, were focused onto the PC switch of the PCNFP through an optical fiber to sample the electric-field component. In this measurement, 5 mW of average laser power was used for both the pump and probe beams. To obtain time-resolved 2-D near electric-field images by scanning the PCNFP over an arbitrary DUT, the PCNFP was coupled with a computer-controlled -translation stage and positioned at a height of 100 m over the DUT.
B. Pico-Pulse Propagation on Coplanar Transmission Lines 1) Coplanar Waveguide:
The CPWs tested were fabricated on a 625-m-thick LT-GaAs substrate using a semiconductor microfabrication process, were shorted at one end, and had an integrated PC switch as shown in Fig. 4 . The PC switch was placed on the center signal line to avoid the generation of a coupled-slotline mode, which can be severe in the slot-pumping method [10] . A 3-V dc-bias was applied to the PC switch, with the CPW having a 50-m-wide signal line and 30-m-wide slots. The distance between the PC switch and the short termination was 8 mm. Fig. 5(a) shows the measured waveforms of the transverse electric field component propagating along the CPW. The PCNFP was positioned 500 m from the pulse generation position. The top, middle, and bottom waveforms in Fig. 5(a) were measured over the upper slot, the center of the signal line, and the lower slot of the CPW, respectively. The -axis of the graph has units of current, measured by a lock-in amplifier. The width of the main pulse was about 3 ps. From Fig. 5(a) , Fig. 7 . Time-dependent 2-D spatial images mapped around the short termination of the CPW used in Fig. 6 showing previously unknown transient picosecond electric pulse reflections at the short termination.
we can observe the antisymmetry property of the guided transverse electric field. This shows that the top waveform has an opposite direction to the bottom waveform showing the field property of the CPW mode. In an ideal case, the transverse electric-field component on the center of the signal line would be zero in the case of CPW mode propagation. However, we observed propagating pulses over the center of the signal line. These are considered to be freely propagating radiated waves reflected from the sandwiched AlAs layer with a lower refractive index and from the bottom surface of the GaAs substrate [18] . An interesting feature shown in Fig. 5(a) is the large undershoot following the main transient. Although more analysis is required to understand fully the origin of the undershoot, additional experimental results revealed that the signal is not a spurious response of the developed probe but a real undershoot of the main pulse. Fig. 5(b) shows a plot of the magnitude of the main transients as measured by scanning the PCNFP in the transverse direction. It shows a double-peaked exponential decaying pulse on a half-plane. We understand this as being from the superposition of the transverse field component of the guided CPW mode and its high-frequency radiation from the ground plane. The asymmetry of the envelope with respect to the center signal line originates from the different effect of the radiated waves reflected from the two lower layers on each ground-plane [18] . Fig. 6(a) and (b) shows the transverse electric-field waveforms scanned at 2.5 mm from the short termination of the CPW in the transverse direction and its time-resolved mapping image, respectively. There was a larger propagation delay for the propagating main pulse measured over the ground planes away from the centerline of the CPW. This means that as the measurement point was moved farther from the center of the CPW in the transverse direction, the propagation velocity decreased. This is understood to be arising from a mode problem: while the dominant guiding mode along the slot is the CPW mode, the dielectric substrate mode is the dominant mode under the ground plane. The pulse at about 63 ps in Fig. 6 has a polarity opposite to that of the main pulse at about 17 ps. The opposite polarity pulse results from the reflection by the short-termination [19] . An interesting phenomenon related to this reflected pulse is that the propagation delay is smaller for the measurement points farther from the center of the CPW. This originated from the reflection characteristics of the short termination. Equivalently, a signal reflection from the structural short termination occurs earlier at the outer regions of the ground planes. These facts become evident in Fig. 7 . Fig. 7 shows the time-dependent 2-D spatial images mapped around the short termination of the CPW. The zero on the -axis in Fig. 7 specifies the location of the structural short termination. The measured reflection properties of an electric pulse from the short-terminated CPW can be summarized as follows.
1) The incident transverse electric field component fades away as it approaches the structural short-termination, and then grows as it propagates in reverse direction after the reflection. 2) When an incident electric pulse arrives at the short-termination, it moves from the outer region of the ground planes to the center of the CPW. This creates about 1 ps of propagation delay at the short-termination. 3) After the draining of the injected pulse signal to reverse direction, new pulse signals with opposite polarity to the incident pulse appear in the short termination region. This opposite polarity pulse then becomes the main reflected signal from the short termination. 4) The opposite polarity pulse propagates in a reverse direction. During this time, the pulse propagates earlier at positions farthest from the center of the CPW. 2) Coplanar Stripline : Similar measurements were also performed over an open-terminated CPS. The CPS was also fabricated on an LT-GaAs substrate and had 25-m strip widths (W), a 15-m interline space (S), and a length of 10 mm. Short electric pulses were generated by illuminating the pump laser pulses onto the slot of the 2-V dc-biased CPS, as shown in Fig. 3(a) . The measured transverse and longitudinal field waveforms are shown in Fig. 8(a) and (b) , respectively. The three central waveforms between the bold dotted ones were obtained directly over the CPS. The upper waveform was measured over the signal line of the CPS, while the middle waveform was measured over the slot and the bottom waveform over the ground line of the CPS. Fig. 8 clearly shows the existence of the electric field propagation outside the CPS guiding structure, which has been understood as arising from surface waves on the thick substrate [20] . In Fig. 8(a) , each waveform outside the bold dotted one was measured every 25 m. The measured transverse electric-field component showed a dramatic change (180 phase change) between 100 and 125 m from the outer edges. This observation leads to the conclusion that the transverse guided field of the CPS is extended to about 3.5 times that of the effective CPS width ( ). Another interesting feature of the measured transverse electric field on the CPS, as shown in Fig. 8(a) , is that the waveform measured at 125 m from the ground outer edge has the minimum signal intensity. It may provide a guideline for minimal crosstalk noise between interconnects in high-density integrated circuits using CPS. In the case of Fig. 8(b) , each waveform outside the CPS was measured every 50 m from the outer edges of metal strips. For the longitudinal component, shown in Fig. 8(b) , it was observed that the field direction over the signal line was opposite to that over the ground line as expected. Additionally, the longitudinal field problem on the dielectric surface around the CPS was more severe outside the ground line.
V. CONCLUSION
A novel micromachined optical near-field probe has been successfully developed for the first time. It is based on picosecond photoconductive sampling using a short pulse laser system and an ultrafast photoconductive switch made on LT-GaAs. The adoption of a micromachining process for the 1-m-thick LT-GaAs epilayer as the probe substrate provided minimal invasiveness for measuring propagating picosecond electric pulses. Also, the use of optical fibers for guiding laser pulses to the photoconductive switch of the probe, and for electrical connections to external apparatus, enables the probe to be positioned freely for electric-field mapping without variation in sensitivity.
The measurement principle and performance of the probe were simulated using an FDTD technique. It was demonstrated that the probe detects an electric field component having the same direction as that of the PC switch of the probe, with picosecond temporal resolution. It was also demonstrated that the probe measurement is dominated by the switching action of the carriers generated in the PC switch region. Although it was demonstrated by the simulation that the spatial resolution of the probe is determined by the width of the photoconductive switch (3 m in the developed probe), the use of a multimode optical fiber with 50-m core diameter seems to degrade the spatial resolution to a few tens of micrometers. The spatial resolution may be enhanced using a single-mode fiber.
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